The mutual binding inhibition of tetrodotoxin and saxitoxin to their binding protein from the plasma of Fugu pardalis was investigated by HPLC. The values for the half inhibitory concentration of tetrodotoxin (1.6 mM) binding to this protein (1.2 mM) for saxitoxin, and of saxitoxin (0.47 mM) binding to that (0.30 mM) for tetrodotoxin were 0.35±0.057 mM and 81±16 mM (n＝2), respectively.
Tetrodotoxin (TTX) and saxitoxin (STX) are widely distributed in biota. 1, 2) These toxins share the same binding site on voltage-gated sodium channels.
3) The species of puŠerˆsh, Fugu pardalis, accumulates TTX as the major toxin in its tissues, accompanied by a small amount of STX. 4, 5) We have recently isolated, characterized, and cDNA-cloned an STX and TTX binding glycoprotein (PSTBP) from the plasma of thisˆsh by monitoring the 3 H-STX binding activity. 6 ) PSTBP seemed to consist of noncovalently linked dimers of a 104-kDa single subunit whose protein part was estimated to be of 42-kDa. The dissociation constant (Kd) for 3 H-STX to PSTBP was determined to be 14.6 nM by an equilibrium binding assay, and the binding of 3 H-STX to dimeric PSTBP was suggested to be of 1:1 stoichiometry ( Bmax of 10.6 nmol W mg of protein). 3 H-STX binding to PSTBP was inhibited by the presence of TTX, and the half inhibitory concentrations (IC50) of 3 H-STX (10 nM) binding to puriˆed PSTBP (2.3 nM) were estimated for TTX (12 mM) and for STX (8.5 nM). Matsui et al. 7) have puriˆed a TTX binding protein from plasma of an other species of the puŠerˆsh, F. niphobles. Although there was no description about STX binding to this protein in their paper, the reported N-terminal amino acid sequence (11 residues) of this protein was homologous to that of PSTBP. Therefore, Matsui's TTX binding protein was presumed to be related to PSTBP. Nagashima et al. 8) have puriˆed a TTX binding protein from the hemolymph of the shore crab, Hemigrapsus sanguineus. Its molecular weight and the undetected a‹nity to STX were distinguished from those of PSTBP. The Kd value for TTX to PSTBP has not been determined due to the unavailability of 3 H-TTX, and 3 H-STX has also been commercially unavailable since 1996 in Japan. Since the IC50 value of 3 H-STX (10 nM) binding to PSTBP for TTX was 1400 times larger than that for STX as already described, TTX a‹nity to PSTBP has been presumed to be much lower than that of STX, if these toxins share the same binding site. However, this puŠerˆsh contained a larger amount of TTX than STX in its tissue, and the question rose as to whether the a‹nity of TTX to PSTBP really was so low. In this present study, bound and total TTX and STX, and the STX binding macromolecule in the plasma of four species of puŠerˆsh were estimated by HPLC. In addition, the mutual inhibition of TTX and STX binding to the macromolecular fraction of the plasma of F. pardalis, as well as to puriˆed PSTBP, were examined by HPLC. These data were judged for their lack ofˆt to the binding model of TTX and STX simply sharing one binding site on PSTBP.
Allˆsh used for the present study were caught in the Sendai Bay, Japan, and transported to the laboratory of Tohoku University. Blood was withdrawn from the portal vein by a syringe pre-coated with sodium heparin and centrifuged for 30 min at 720 g and 49 C, the plasma being stored frozen at "809 C for the subsequent assay and puriˆcation. STX was prepared by Y. Oshima (Tohoku University, Sendai, Japan), and TTX was puriˆed from puŠerˆsh eggs. PSTBP was puriˆed from the plasma 6) and the protein contents of the plasma of F. pardalis (1999.4.16) and of puriˆed PSTBP were determined by the Bradford dye binding assay.
9)
The concentrations of free and total TTX and STX in the pooled plasma from three F. pardalis specimens, two F. poecilonotus, and one each F. niphobles and F. snyderi specimens wereˆrst determined. To quantify the free toxins, the plasma was centrifuged for 15 min at 18,000 g and 49 C in a micro-centrifuge-tube, and the supernatant was transferred to a micro-ultraˆltration unit (Ultrafree-MC, 30,000 NMML, Millipore, MA, U.S.A.) to separate the free toxins from the macromolecular fraction by centrifugation for 30 min at 6,500 g and 49 C. Aliquots of theˆltrate were applied to a postcolumn ‰uorescent-HPLC system for TTX 10) and for STX.
11) For the total toxins, the plasma was acidiˆed with acetic acid (ˆnal 1z, v W v) to release the toxins from the macromolecular fraction 6, 7) and then ultraˆltered. Aliquots of theˆltrate were applied to HPLC. The bound toxins were estimated by subtracting the free toxins from the total toxins. In addition, the STX binding macromolecule in each plasma specimen was quantiˆed to estimate the approximate PSTBP, since the binding of STX to PSTBP has been suggested to be su‹ciently tight (Kd 14.6 nM), and only PSTBP has been suggested to have STX binding ability in plasma.
6) Each plasma sample (2 ml), except for F. poecilonotus (1997.11.13), wasˆrst acidiˆed by adding 50 ml of 1z (v W v) acetic acid to release the originally bound toxins from the macromolecular fraction, and then ultraˆltered. The macromolecular fraction was next washed twice with 100 ml of 50 mM Tris-HCl (pH 7.5) to neutralize it, and 10 ml of a standard solution of STX (1.5 mM) in 50 mM ammonium acetate (pH 7.5) was added. The mixture was incubated on ice for 15 min and ultraˆltered, and aliquots of theˆltrate were applied to HPLC for STX. The amount of the STX binding macromolecule was estimated by subtracting STX in theˆltrate from STX added. As shown in Table 1 , both TTX and STX were detected in theˆltrate of the acidiˆed plasma of all four species of puŠerˆsh examined. Decarbamoyl STX was also detected at the level of 10-85z (mol W mol) of STX in each acidiˆedˆltrate as an STX analogue. The ratios of bound toxin to total toxin were more than 0.41 for TTX and more than 0.84 for STX. Total TTX was 5-15 times higher than total STX, except for F. pardalis 1998.2.26 (110 times), and the ratios of bound TTX to bound STX were in the range of 2.8-12, except for F. pardalis 1998.2.26 (46 times). The level of the STX binding macromolecule did not diŠer much (4.1-5.7 mM) in the plasma samples, in contrast with the various toxin levels. Based on the foregoing data, 12-87z of the STX binding macromolecule was suggested to be present for binding TTX or STX.
Forthe second, the mutual inhibition of TTX and STX binding to the macromolecular fraction of the plasma of F. pardalis (1999.4.16) was examined. This plasma contained bound TTX at 1.8 mM, free TTX at 0.56 mM (total 2.4 mM), and bound STX at 0.16 mM as shown in Table 1 . The protein content of this plasma was estimated to be 51 mg W ml. The binding of TTX wasˆrst measured in the presence of various concentrations of STX. To 45 ml each of this plasma, various amounts of STX in 5 ml of 50 mM Tris-HCl (pH 7.5) were added to adjust the total STX concentration from 1.8 mM to 42 mM, including the originally bound STX (0.16 mM). Each mixture was incubated on ice for 15 min, ultraˆltered in the way already described, and free TTX in theˆltrate was measured by HPLC. Free TTX in mM at a certain concentration of STX was temporarily noted as``A'', and the values of s 1"[(A"0.56) W 1.8]twere plotted as the TTX fractional binding (Fig. 1A) . IC50 of TTX (1.8 mM) binding for STX was estimated at 12 mM (n＝1) by using a Hill plot. The binding of STX (1.5 mM) in the presence of various concentrations of TTX from 11 mM to 280 mM, including the originally present 2.4 mM, was similarly examined. Before adding TTX, 1.3 mM of STX was added to the same plasma to increase bound STX to aˆnal level of 1.5 mM. No free STX was detected in the plasma after this addition of STX, details of the experimental procedure being the same as those already described. Free STX in eacĥ ltrate was quantiˆed by HPLC. Estimated free STX 
.16).
A: Binding of TTX (1.8 mM) was measured in the presence of various concentrations of STX. IC 50 of TTX binding was estimated by using a Hill plot for STX to be 12 mM (n＝1). B: Binding of STX (1.5 mM) was measured in the presence of various concentrations of TTX. IC 50 of STX binding was estimated by using a Hill plot for TTX to be more than 0.28 mM (n＝1).
in mM was temporarily noted as``B'', and the values of [1"(B W 1.5)] were plotted as the STX fractional binding (Fig. 1B) . IC50 of STX (1.5 mM) binding for TTX was estimated at more than 0.28 mM (n＝1).
If TTX and STX shared one binding site on PSTBP, and if IC50 of 3 H-STX binding to PSTBP for TTX was also much larger than that for STX, even in the plasma, the ratio of bound TTX to bound STX in puŠerˆsh plasma, being in the range of 2.8-12, was much larger than that expected, since total TTX in all plasma samples was only approximately 5-15 times higher than total STX (except for F. pardalis 1998.2.26) ( Table 1 ). In addition, the determined IC50 values for TTX and STX binding to the macromolecular fraction of the plasma for each sample could not be explained by the simple competitive model. However, the experiments with the plasma could have be in‰uenced by many factors, the eŠect of other coexisting substances, for example. Additionally, the plasma used for the competitive experiment originally contained free and W or bound TTX and STX which could also have aŠected the binding manner. In order to avoid these eŠects, we examined the mutual inhibition of TTX and STX binding to puriˆed and quantiˆed PSTBP which was originally free from toxins.
TTX and STX originally bound to puriˆed PSTBP proved to be less than 0.4 pmol W mg of protein by HPLC. Originally bound toxins were probably dissociated from PSTBP during the puriˆcation procedure. 6 ) TTX (1.6 mM) was incubated with PSTBP (1.2 mM) and three diŠerent concentrations of STX (0.039 mM, 0.39 mM and 2.4 mM) in aˆnal 30 ml of 50 mM ammonium acetate (pH 7.5) on ice for 15 min. Practically, the appropriate amounts of TTX and STX were mixed, and then added at once to the PSTBP solution. Only three diŠerent concentrations of STX were examined due to the limited amounts of the puriˆed PSTBP and standard STX. After incubating, the free toxins were removed by ultraˆltra-tion, and the bound toxins were then dissociated from PSTBP with 20 ml of 200 mM acetic acid, and TTX wasˆnally quantiˆed by HPLC after ultraˆltra-tion. This procedure was conducted twice. As references, PSTBP (1.2 mM) was incubated with only TTX (1.6 mM) in aˆnal 30 ml of 50 mM ammonium acetate (pH 7.5), and bound TTX dissociated from PSTBP with 20 ml of 200 mM acetic acid was estimated at 0.48 mM, while bound TTX was estimated at 0.053 mM when PSTBP (1.2 mM) was incubated with only TTX (1.6 mM) in aˆnal 30 ml of 200 mM acetic acid. Dissociated TTX in mM with acid from PSTBP that had been incubated with a certain concentration of STX was temporarily noted as``C'', and the fractional binding of TTX was calculated as [(C"0.053) W (0.48"0.053)] (Fig. 2A) . IC 50 of TTX (1.6 mM) binding to PSTBP (1.2 mM) for STX was estimated as 0.35±0.057 mM (n＝2) by using Hill plots. Similarly, for the determination of IC50 for STX (0.47 mM) binding to PSTBP (0.30 mM) in respect of TTX, three diŠerent concentrations of TTX (2.3 mM, 260 mM and 1500 mM) were incubated. The experimental procedure was the same as that just described, and the procedure was conducted twice. The references were similarly determined, and the STX fractional binding was calculated as [(D"0.070) W (0.37"0.070)], with dissociated STX in mM with acid from PSTBP that had been incubated with a certain concentration of TTX being temporarily noted as``D'' (Fig. 2B) . IC50 of STX (0.47 mM) binding to PSTBP (0.30 mM) for TTX was estimated as 81±16 mM (n＝2) by using Hill plots. In the foregoing experiments, the concentrations of TTX and STX were set diŠerently due to the diŠerence in the detection limit by HPLC between A: Binding of TTX (1.6 mM) to PSTBP (1.2 mM) was measured in the presence of three diŠerent concentrations of STX. IC 50 of TTX binding was estimated by using a Hill plot for STX to be 0.35±0.057 mM (n＝2, SD). B: Binding of STX (0.47 mM) to PSTBP (0.30 mM) was measured in the presence of three diŠerent concentrations of TTX. IC 50 of STX binding was estimated by using a Hill plot for TTX to be 81±16 mM (n＝2, SD). The data shown are representative of two replicates.
these toxins, and to the limited availability of standard STX. On the other hand, the molar ratios of the toxin to PSTBP were set almost the same for TTX and STX.
IC 50 of STX (0.47 mM) binding to puriˆed PSTBP (0.30 mM) for TTX in the present study, 81 mM, was less than the previously estimated IC50 of 3 H-STX (10 nM) binding to puriˆed PSTBP (2.3 nM) for TTX, 12 mM, probably due to the diŠerent experimental conditions used. For example, the ratio of PSTBP and STX in this experiment was 1:1.5, and in the previous one was 1:4.3. Even so, the obtained mutual IC50 values for TTX and STX binding to puriˆed PSTBP could not be explained by a one-site-sharing competitive model. In that model, if IC 50 of STX (0.47 mM) binding to PSTBP (0.30 mM) for TTX was estimated as 81 mM, IC50 of TTX (1.6 mM) binding to PSTBP (1.2 mM) for STX was theoretically expected to be 0.0093 mM. However, the actually determined IC 50 value was 0.35 mM, 38 times larger than that expected. The data obtained in the present study without using 3 H-labeled toxins are not su‹cient to establish a new binding model. We have previously developed a method for preparing 11-3 H-TTX 12) that we should use. This will enable us to establish a real competitive binding model for TTX and STX to PSTBP, and to determine the Kd value for TTX to PSTBP.
